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Internal conversion ͑IC͒ is one of the most common intramolecular processes following electronic excitation of a molecule, and generally requires a crossing of potential energy surfaces ͑PESs͒. In particular, a conical intersection ͑CI͒-type of surface crossing is known to greatly facilitate the IC process, 1 as in the typical case for azulene. 2, 3 The ultrafast IC is especially important for DNA bases, 4 -7 because it offers a very fast and efficient way to dissipate the energy of the absorbed UV photon that could lead to mutagenesis and carcinogenesis in biological systems. 8 In the conventional picture for the IC dynamics of adenine, a crossing of PESs was proposed to occur by theory between the lowest n* state and the ground state. 9 In this model, the UV excitation brings adenine to the * state that is vibronically coupled to the lower-lying n* state, from which it decays back to the ground state through the crossing. The whole process occurs in less than 1 ps in solution, 4, 5 and in ϳ1 ps even in the gas phase, 10 implying that the ultrafast decay is an intrinsic property of the molecule, not strongly dependent upon its solvation medium.
On the other hand, a recent theoretical study by Sobolewski et al. raised the possibility of a * state playing a crucial role in the IC dynamics of adenine and other heterocyclic aromatic molecules. 11 In this so-called SDDJ model named after its inventors, the PES for the * state has invariably a repulsive profile along one or more of the N-H bonds. In these molecules, the PES of this repulsive * state can cross the ground state PES, which leads to a rapid IC. Another consequence of such a repulsive PES along the N-H bond is the possibility of hydrogen transfer in solvated clusters. In fact, the SDDJ model appears to provide a theoretical ground for the hydrogen transfer observed for phenol-(NH 3 ) n ͑Refs. 12 and 13͒ and indole-(NH 3 ) n ͑Refs. 14 and 15͒ that is also associated with the ultrafast nonradiative decay experimentally observed in these systems.
However, despite the general plausibility of the SDDJ mechanism and its apparent success so far in explaining the hydrogen transfer in clusters, whether it actually applies to a specific case is totally up to the individual molecule and its electronic structure. In this regard, the IC dynamics of adenine is an interesting and compelling case because, theoretically, both the n* and * states have been independently proposed as the doorway state to surface crossing, and, experimentally, the electronic spectroscopy of adenine is quite well-known. 16 -18 In this study, in order to elucidate the IC mechanism of adenine, we studied the excited state dynamics of adenine and its several derivatives in real time by femtosecond pump-probe transient ionization time-of-flight ͑TOF͒ mass spectrometry. The derivatives we studied were 9-methyladenine ͑9-MA͒, 7-methyladenine ͑7-MA͒, and several deuterated adenines (Ade-d n ), whose structures are shown in Fig. 1 .
Details of our experimental apparatus have been described elsewhere. 19 A Teflon oven was used to avoid thermal fragmentation of the sample. The powder sample of adenine was vaporized in the Teflon oven at 170°C and effused into vacuum without carrier gas to prevent cluster formation that could give rise to an artifact through dissociative ionization. Residual thermal energy in our effusive beam did not impose a serious problem, because the broad bandwidth of the femtosecond laser gives a comparable energy dispersion. A commercial regeneratively-amplified Ti:sapphire laser provided the pump pulse ͑3rd harmonic at 267 nm, 37 500 cm Ϫ1 ) for excitation and the probe pulse ͑fundamen-tal at 800 nm͒ for three-photon ionization. The crosscorrelation between the pump and probe pulses was 400 fs, and their relative delay was varied by a step-motor driven linear translator. The unskimmed molecular beam was excited and ionized by laser ca. 5 cm downstream from the oven. Ions were detected by a TOF mass spectrometer and the signal was averaged by a gated integrator. A home-made data acquisition program was used to collect the data and scan the time delay between the pump and probe pulses. By comparing the chemical shifts and peak intensities in the NMR spectra of adenine and deuterated adenines, we found that deuteration occurred first at the nitrogen atom in the 9-position and then in the 6-positions, as shown in Fig. 1 . 9-MA and 7-MA were purchased from Acros Organics and used without further purification.
Adenine is known to exist in two tautomeric forms in solution, with the 9-H tautomer dominant over the 7-H form. 20 Methyl substitution in these positions yields 9-MA and 7-MA, from which tautomer-specific properties can be studied. Because the N9 position of adenine is where the sugar is attached in DNA, 9-MA can be viewed as the smallest mimic system for adenosine and adenine nucleotides. 9-MA and adenine share very similar electronic spectra, 17 indicating that the methyl substitution at the N9 position little affects the electronic states of interest.
The pump-probe transients of adenine, 9-MA, and 7-MA are shown in Fig. 2 . As reported previously, 10 the transient of adenine in Fig. 2͑a͒ consists of a Gaussian spike ͑dashed line͒ due to coherent absorption to high-lying resonant states and a pure exponential decay ͑dotted line͒ convoluted with the cross-correlation of the laser. The decay time for the exponential component of the transient represents the lifetime of the electronically excited state of adenine, which is measured to be 1.00Ϯ0.05 ps. The decays of 9-MA and 7-MA are also purely single exponential, with the time constants of 0.94Ϯ0.03 and 1.06Ϯ0.08 ps, respectively. It is to be noted that the excited state lifetime of adenine is virtually identical with those of methylated derivatives, whereas it is considerably different from those of other bases. 10 According to the SDDJ model, it is the N-H bond that couples the * state to the ground state. Methylation will thus eliminate the coordinate over which the crossing occurs between the two PESs, at least within the SDDJ model, thereby giving a totally different lifetime. Therefore, little change in lifetime observed in our experiment between adenine and methylated adenines seems to indicate that the N-H coordinate does not play an important role in the IC of adenine. One possible objection to the above argument may be that methylation can bring about a significant change in electronic structure so that a direct comparison is not possible. It is a reasonable objection although, as mentioned earlier, such effect appears to be minimal at least for the 9-position, judging from the electronic spectrum. 17 Nevertheless, we proceeded to undertake another control experiment with a different class of molecules. Our choice was deuterated adenines, which are identical to adenine in all respects except for the kinematics of the N-H bond. Figure 3 shows the pump-probe transient ion signals for Ade-d 1 , Ade-d 2 , and Ade-d 3 . The exponential part of all three exhibits purely single exponential decay just like in the case of adenine and methylated adenines. Their decay constants are 1.05Ϯ0.07, 1.03Ϯ0.05, and 0.99Ϯ0.04 ps, respectively, which are basically the same as the lifetime of the unsubstituted adenine within experimental error, regardless of the degree of deuterium substitution. Again, if the SDDJ mechanism were at play in the IC of adenine, with the critical motion along the N 9 -H bond, deuteration at the 9-position will certainly slow down the IC because of the different kinematics between N-H and N-D. Such an isotope effect has actually been observed in the case of phenold 6 , 14 which was used to attribute the excited state dynamics of phenol to the * PES. In the case of adenine, however, Ade-d 1 gave a virtually identical lifetime with that of the undeuterated adenine, which rules out the possibility of IC via the * state PES along the N 9 -H bond. Likewise, the Our experimental results indicate that the IC of adenine is more compatible with the model involving the n* state, rather than the * state, playing the role of the doorway state of adenine in its rapid IC to the ground state. Since the N-H bond has a strong local mode character that is primarily decoupled from the ring motion of adenine, deformation of the ring would not be affected by substitution of hydrogen by deuterium. It is known that out-of-plane vibrations of adenine are the motions that couple the n* and * states through the ''proximity effect.'' 21 The n* state further intersects the ground state PES along the same out-of-plane vibrational coordinate. 9 Therefore, the dynamics would be little affected by deuterium substitution if the n* state is indeed the doorway state, because the reaction coordinate has a strong character of the out-of-plane vibration rather than the stretching vibration of N-H.
A similar mechanism for IC involving the n* state was proposed for another DNA base, cytosine. 22 According to this computational study, the ultrafast decay of the electronically excited singlet state of cytosine takes place via a switching from a * to an n* state, these two states being much more distinctly identifiable than in adenine, and a subsequent decay to the ground state through a CI.
In summary, we found that the decay of the excited state of adenine and all its derivatives studied here is purely single exponential with nearly identical lifetimes. This indicates that the doorway state responsible for the ultrafast IC of adenine is of the n* character rather than of the * character, in contrast to the prediction of the SDDJ model based on the repulsive * state along the N-H bond. The * state may still exist in adenine but does not appear to actively participate in the IC process, perhaps because it lies so high above the interaction region between the n* and ground states, where the critical dynamics takes place. More studies are under way to identify the electronic states by photoelectron spectroscopy and to explore the possibility of the H atom detection and the ground state bleaching in order to further test the validity of the two models.
